Purpose Protein kinase D (PKD) mediates diverse biological responses including cell growth and survival. Therefore, PKD inhibitors may have therapeutic potential. We evaluated the in vitro cytotoxicity of two PKD inhibitors, kb-NB142-70 and its methoxy analogue, kb-NB165-09, and examined their in vivo efficacy and pharmacokinetics. Methods The in vitro cytotoxicities of kb-NB142-70 and kb-NB165-09 were evaluated by MTT assay against PC-3, androgen-independent prostate cancer cells, and CFPAC-1 and PANC-1, pancreatic cancer cells. Efficacy studies were conducted in mice bearing either PC-3 or CPFAC-1 xenografts. Tumor-bearing mice were euthanized between 5 and 1,440 min after iv dosing, and plasma and tissue concentrations were measured by HPLC-UV. Metabolites were characterized by LC-MS/MS. Results kb-NB142-70 and kb-NB165-09 inhibited cellular growth in the low-mid lM range. The compounds were inactive when administered to tumor-bearing mice. In mice treated with kb-NB142-70, the plasma C max was 36.9 nmol/mL, and the PC-3 tumor C max was 11.8 nmol/g. In mice dosed with kb-NB165-09, the plasma C max was 61.9 nmol/mL, while the PANC-1 tumor C max was 8.0 nmol/g. The plasma half-lives of kb-NB142-70 and kb-NB165-09 were 6 and 14 min, respectively. Both compounds underwent oxidation and glucuronidation. Conclusions kb-NB142-70 and kb-NB165-09 were rapidly metabolized, and concentrations in tumor were lower than those required for in vitro cytotoxicity. Replacement of the phenolic hydroxyl group with a methoxy group increased the plasma half-life of kb-NB165-09 2.3-fold over that of kb-NB142-70. Rapid metabolism in mice suggests that next-generation compounds will require further structural modifications to increase potency and/or metabolic stability. 
Introduction
Recent research has revealed that protein kinase D (PKD) plays an important role in the regulation of a wide array of fundamental biological processes, including cell survival, migration, differentiation, proliferation, membrane trafficking, and gene expression [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The PKD family of serine-threonine kinases consists of PKD1, PKD2, and PKD3, which share a similar modular structure [11] . PKDs are expressed in multiple tissues and cell types, and different expression patterns and functions of PKD depend on the cell type and external stimuli [12] [13] [14] [15] [16] [17] [18] . Because of their interaction with multiple signaling pathways and their various intracellular locations, PKDs appear to play a critical role in cancer cell proliferation and invasion [11] [12] [13] [14] [15] [16] [17] .
Prostate cancer is the leading cancer in men and is the second highest cause of cancer-related deaths [18] . Pancreatic cancer is the 10th most common cancer diagnosed and is the fourth highest cause of cancer-related deaths [18] . Due to disappointing treatment results and the dismal outcome of pancreatic cancer with an average survival rate of less than 5 years, there is an urgent need for better understanding of tumor pathogenesis and pathways involved in disease progression, in order to develop efficacious targeted small molecules. The expression of multiple PKD isoforms has been reported in pancreatic and prostate cancer cells [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , where PKD enzymes are involved in DNA synthesis and cellular proliferation as well as inhibiting apoptosis [30] . The benzoxoloazepinolone CID755673 was the first reported potent and specific pan PKD inhibitor with IC 50 values of 200-300 nM against all three PKD isoforms. Given its specificity, CID755673 revealed and validated specific PKD-mediated cell functions in prostate cancer cells and was effective at blocking cellular proliferation, cell migration, and invasion [33] .
kb-NB142-70 and its methoxy analogue kb-NB165-09 are structural analogues of CID755673 and are at least twofold more potent and showed improved selectivity. LaValle et al. [34] analyzed these two CID755673 analogues and showed that in addition to being more potent in inhibiting all PKD isoforms in vitro, in cells these compounds also inhibited PKD1 autophosphorylation in the low lM range, drastically inhibited cell proliferation by induction of cell cycle arrest at G 2 /M phase, and significantly inhibited wound healing and tumor cell invasion. Because of the enhanced selectivity and potency of kb-NB142-70 and its analogue kb-NB165-09 against PKD, we evaluated their in vitro cytotoxicity, and their in vivo pharmacokinetics, metabolism, and efficacy in mice bearing human prostate or pancreatic xenografts.
Materials and methods

Cell lines and reagents
PC-3 human androgen-independent prostate cancer cells were obtained from ATCC (Manassas, VA, USA), and CFPAC-1 and PANC-1 pancreatic cancer cells were obtained from the NCI Tumor Repository (Frederick, MD, USA) and were MAP (murine antibody profile) test negative. The cells were cultured in RPMI 1640 medium (BioWhittaker Inc, Walkersville, MD, USA) supplemented with 10 % heat-inactivated fetal bovine serum (Invitrogen) and 100 units of penicillin/mL and 100 lg/mL of streptomycin (Biofluids Biosource, Rockville, MD, USA) in a humidified atmosphere of 5 % CO 2 .
Acetonitrile (HPLC-grade) and water (HPLC-grade) were purchased from Thermo-Fisher Scientific (Fairlawn, NJ, USA). Nitrogen gas and liquid nitrogen were purchased from Valley National Gases Inc. (Pittsburgh, PA, USA). Formic acid (99 %) was purchased from Sigma-Aldrich (St. Louis, MO, USA). kb-NB142-70 and kb-NB165-09 (batch synthesized lot# kb-NB184-43) were synthesized according to published procedures [35, 36] and were greater than 97 % pure (Fig. 2d, h ). 17-Allyl-amino-(17-demethoxy) geldanamycin (NSC 330507, 17-AAG, internal standard) was obtained from the Developmental Therapeutics Program of the NCI (Rockville, MD, USA). Dextrose (5 %) for injection, saline (0.154 M NaCl) and sterile water were purchased from Baxter Healthcare Corporation (Deerfield, IL, USA). b-Glucuronidase (10,000 units/mg from bovine liver, G0501) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Mice
Specific pathogen-free, adult, female C.B.-17 SCID mice (5-6 weeks of age) were obtained from Charles River Laboratories (Wilmington, MA, USA). Mice were allowed to acclimate to the University of Pittsburgh Cancer Institute Animal Facility for at least 1 week before studies were initiated. To minimize exogenous infection, mice were maintained in microisolator cages and handled in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) and on a protocol approved by the University of Pittsburgh Institutional Animal Care and Use Committee. Ventilation and airflow in the animal facility were set to 12 changes/h. Room temperature was regulated at 22 ± 1°C. The mice received Prolab ISOPRO RMH 3000, Irradiated Lab Diet (PMI Nutrition International, Brentwood, MO, USA) and water ad libitum except on the evening prior to dosing for the pharmacokinetic studies, when all food was removed and withheld until 4 h after dosing.
MTT assay PC-3 cells (3,000 cells/well), PANC-1 cells (5,000 cells/ well) or CFPAC-1 cells (3,000 cells/well) in logarithmic growth were plated in a 96-well culture plate. kb-NB142-70 or kb-NB165-09 was added such that the final concentrations in the wells were 1-100 lM in medium containing 0.3 % DMSO. After 72 h, 50 lL of 1 mg/mL MTT was added to each well and allowed to incubate for 4 h. At the end of the incubation, medium containing drug and MTT were removed from each well and 100 lL DMSO was added, followed by shaking for 5 min. The absorbance at 570 nm was read on DYNEX NRX Revelation microplate reader (Dynex, Vienna, VA, USA). Results were compared to wells containing vehicle-treated cells and expressed as percentage inhibition. The IC 50 was calculated from triplicate experiments using the Hill equation and the program ADAPT II [37] .
Tumor implantation
Cells in logarithmic phase growth were harvested, and 5 9 10 6 cells in 0.1 mL of medium were implanted subcutaneously on the right flanks of passage C.B.-17 SCID mice. When the tumors reached approximately 500 mm 3 , the passage mice were euthanized with CO 2 , and the tumors harvested aseptically. The harvested tumors were cut into approximately 25 mm 3 fragments and implanted on the right flanks of study mice. When the tumors in the study mice were approximately 400 mm 3 , the animals were stratified into time point groups, such that there were no differences in mean body weights or tumor volumes between the groups (ANOVA and Kruskal-Wallis, p C 0.95).
Efficacy study
Mice bearing PC-3 xenografts were stratified into five mice per treatment group and treated with 25 mg/kg/dose kb-NB142-70 for five consecutive days. Mice bearing CFPAC-1 xenografts were stratified into 10 mice per treatment group and received kb-NB165-09 (37.5 mg/kg/ dose, qdx4), kb-NB165-09 (25 mg/kg/dose, qdx4), gemcitabine (Gemzar, 50 mg/kg/dose, q3dx3), or vehicle (10 % hydroxypropyl b-cyclodextrin, 0.01 mL/g body weight, qdx4). Mice were dosed by lateral tail vein injection. Body weights and tumor diameters were recorded twice weekly, and tumor volumes were calculated using the formula: TV = L 9 W 2 /2, where L is the longest tumor diameter and W is the shortest tumor diameter perpendicular to L. %T/C was calculated as the mean and median tumor volumes divided by the mean and median tumor volumes of the control-treated groups 9100 %. The time to tumor doubling was the mean or median number of days it took each treatment group to double from its starting tumor volume on day 0, the first day of dosing.
Statistics
Mean tumor volumes and body weight were evaluated using ANOVA with pairwise comparisons using Dunnett's T test, Tukey's, and Fisher's exact test. Nonparametric analysis of median data was performed using Kruskal-Wallis test, and pairwise comparisons were conducted using Mann-Whitney test. Significance was set at p B 0.05. All statistics were performed using Minitab statistical software (Minitab, State College, PA, USA).
Pharmacokinetic studies C.B.-17 SCID mice bearing PC-3 xenografts were dosed with 25 mg/kg of kb-NB142-70 iv, and mice bearing PANC-1 xenografts were treated with kb-NB165-09 iv and po at a dose of 25 mg/kg. The mice (3/time point) were euthanized at the following times: 5, 10, 15, 30, 60, 120, 240, 360, 960, and 1,440 min after administration iv or 5 min and 1,440 min after iv vehicle administration. Mice were euthanized at 5, 15, 30, 60, and 120 min after po administration of kb-NB165-09. Mice were euthanized by CO 2 inhalation, and blood was collected by cardiac puncture using heparinized syringes and needles. Blood was centrifuged at 12,0009g for 4 min to obtain plasma and packed red blood cells. The following tissues were collected, weighed, and snap frozen in liquid nitrogen after iv administration of kb-NB142-70: liver, kidney, spleen, skeletal muscle, brain, heart, lungs, peritoneal fat, and tumor. After iv administration of kb-NB165-09, liver, kidneys, and tumor were collected. After oral administration of kb-NB165-09, only plasma and red blood cells were collected. All samples were stored at -70°C until analysis.
Western blot analysis of tissue samples Samples of tumor, liver, and kidneys from the pharmacokinetic studies of kb-NB142-70 and kb-NB165-09 were weighed and snap frozen in liquid nitrogen and then processed for Western blot analysis of protein kinase D 1, 2, and 3 and their phosphorylated forms. Western blot analysis was carried out as previously reported [34] . Briefly, tissues were homogenized in lysis buffer containing 200 mM Tris-HCl, pH 7.4, 100 lM 4-(2-aminoethyl) benzenesulfonyl fluoride, 1 mM EGTA, and 1 % Triton X-100. Protein concentration was determined using the BCA Protein Assay kit (Pierce, Invitrogen, Grand Island, NY, USA), and then equal amounts of protein were subjected to SDS-PAGE followed by electrotransfer to nitrocellulose membranes. Membranes were blocked with 5 % nonfat milk in Tris-buffered saline and then probed with primary antibodies for PKD1 and PKD3 (Cell Signaling Technology, Danvers, MA), PKD2 (Millipore, Billerica, MA, USA), pS916-PKD1 (Cell Signaling Technology, Danvers, MA, USA), pS742-PKD1 (Invitrogen, Grand Island, NY, USA), or GAPDH, followed by anti-mouse or anti-rabbit secondary antibodies conjugated to horseradish peroxidase (Bio-Rad, Hercules, CA, USA). The enhanced chemiluminescence (ECL) Western blotting detection system (Amersham Biosciences, Piscataway, NJ, USA) was used to facilitate detection of protein bands.
Pharmacokinetic sample processing
Plasma was extracted directly. Tissues were thawed and homogenized using an Omni Tissuemizer (OMNI International, Marietta, GA, USA) in three volumes (g/v) of phosphate-buffered saline (PBS) (Invitrogen). To 200 lL of plasma or tissue homogenate, 30 lL of internal standard (17-AAG, 10 lg/mL) was added, and the samples were vortexed for 15 s at setting 4 (Vortex Genie, Scientific Industries, Inc. Springfield, MA, USA). Acetonitrile (1 mL) was added to each sample followed by vortexing for 1 min and centrifugation at 12,0009g for 6 min. Supernatants were transferred to clean 12 9 75 mm culture tubes and evaporated to dryness under a gentle stream of nitrogen gas. Residues were resuspended in 300 lL of initial mobile phase, and 100 lL was injected into the HPLC or resuspended in 100 lL mobile phase, and 25 lL was injected onto the HPLC-MS.
HPLC-UV
The HPLC system consisted of a Beckman Coulter System Gold with a 568 auto-sampler, 126 solvent module, and a 166 detector. Separation was performed on a Phenomenex Luna C18 (5 lm, id 4.6 9 100 mm) column (Torrance, CA, USA) and a Brownlee C18 guard column (PerkinElmer, Shelton, CT, USA). The mobile phase was a gradient of acetonitrile and water, each containing 0.1 % formic acid: acetonitrile from 20 to 80 % over 10 min, held at 80 % for 5 min, reduced to 20 % (the initial condition) over 5 min followed by re-equilibration for 5 min. The flow rate was 1 mL/min, and the absorption was monitored at 310 nm. The assay was linear between 0.1 and 10 lg/mL. The retention times of kb-NB142-70 and kb-NB165-09 were 6 min ( Fig. 2a ) and 8.5 min (Fig. 2e ), respectively. The major metabolite's retention time for kb-NB142-70 was 3 min (Fig. 2c ) and for kb-NB165-09 was 5.4 min (Fig. 2g) . Standard curves of kb-NB142-70 or kb-NB165-09 were constructed by plotting the internal standard ratio versus the known concentration of kb-NB142-70 (Fig. 2b) or kb-NB165-09 (Fig. 2f) in the sample. kb-NB142-70 was added to control plasma in kb-NB165-09 standard curve because kb-NB142-70 was initially expected to be a metabolite of kb-NB165-09 in vivo (Fig. 2f) . Triplicate standard curves containing kb-NB142-70 or kb-NB165-09 concentrations of 0, 0.03, 0.1, 0.3, 1, and 3 lg/mL were included with each analytic run. Standard curves were fit by linear regression followed by back calculation of concentrations. The lower limit of kb-NB142-70 and kb-NB165-09 quantification was 0.03 lg/mL. Coefficients of variation of kb-NB142-70 and kb-NB165-09 in plasma at a low-mid-range concentration (0.3 lg/mL) and high-mid-range concentration (3 lg/mL) were less than 10 %. Recoveries of kb-NB142-70 and kb-NB165-09 were higher than 93 %.
Pharmacokinetic analysis
The terminal half-life, clearance, volume of distribution at steady state, and areas under the concentration (AUC) versus time curves for plasma, and the AUC and terminal half-life for tissues were estimated by noncompartmental analysis using the program LAGRAN and the Lagrange function [38, 39] . The AUCs were confirmed using the trapezoidal method with the software PK Solutions (Summit PK, Montrose, CO, USA).
Partial mass balance of kb-NB142-70
The percentage of dose in each tissue or organ was estimated by calculating the exact mean dose of kb-NB142-70 that each mouse received, for example, 1.827 lmol for an average 18.41 g mouse. For tissues and organs where we have the exact tissue weight, the percentage dose in that tissue at each time point was calculated accordingly: The concentration/g was multiplied by the organ/tissue weight and divided by the dose administered and multiplied by 100 %. For tissues or organs for which we did not have total weight, but only the weight that we collected at euthanasia, the percentage dose in that organ was calculated based on Table 21 [40] . For example, muscle represents 38.4 % of body weight for a mouse. Tissues that were not measured, such as skin, GI tract and contents, bone, and rest of the body, can account for approximately 39.6 % of body weight, and we do not know the concentrations of kb-NB142-70 or metabolites in these tissues or organs.
Plasma protein binding
Plasma protein binding of kb-NB142-70 was conducted using the Rapid Equilibrium Dialysis (RED) Device (Pierce Biotechnology, Inc., Rockford, IL, USA) since kb-NB142-70 bound to the filter from Amicon Centrifree Ò Ultrafiltration Devices (Millipore, Billerica, MA, USA). kb-NB142-70 at the concentrations of 0.3 and 3 lg/mL was added to separate 500 lL samples of plasma or phosphate-buffered saline (PBS containing 100 mM sodium phosphate and 150 mM sodium chloride), and 500 lL of each sample was added into the sample chamber and dialyzed against 750 lL of phosphate-buffered saline for 4 h at 37°C with shaking following the manufacturer's instructions. Complete contents of each chamber were removed and processed as described above for plasma samples. Samples were analyzed by HPLC.
Plasma protein binding of kb-NB165-09 was conducted using Amicon Centrifree Ò Ultrafiltration Devices (Millipore, Billerica, MA, USA) according to the manufacturer's instructions.
Metabolite analysis by LC-MS/MS
Metabolic identifications were performed on plasma samples obtained 15 min after iv dosing of mice, and on urine samples collected 0-6 h after dosing (see above for details). Control murine samples were analyzed as a negative control for endogenous signals.
Sample preparation (200 lL) consisted of protein precipitation with 1 mL of acetonitrile. The clear supernatant was evaporated to dryness under a gentle stream of nitrogen. The dried residue was reconstituted in 100 lL of 10 % acetonitrile. A sample volume of 30 lL was injected onto the LC system.
The HPLC system consisted of an Agilent (Palo Alto, CA, USA) 1200 autosampler and binary pump, a Phenomenex (Torrance, CA, USA) Luna C18 (5 mm, 100 9 4.6 mm) column kept at ambient temperature, and a gradient mobile phase. Mobile-phase solvent A consisted of 0.1 % (v/v) formic acid in water, and mobile-phase solvent B consisted of 0.1 % (v/v) formic acid in acetonitrile. The initial mobile-phase composition was 90 % solvent A and 10 % solvent B pumped at a flow rate of 1.0 mL/min. From 0 to 15 min, solvent B was increased linearly from 10 to 50 %. From 15 to 16 min, the flow was increased to 2.0 mL/min, and the gradient was increased to 90 % B. These conditions were maintained until 19 min.
From 19 to 20 min, the flow rate was maintained at 2.0 mL/min, and the gradient was decreased to 10 % B. These conditions were maintained until 25 min, after which the next sample was injected.
HPLC eluent was split with an ASI (El Sobronte, CA, USA) model 620-P010 flow splitter with 90 % of the eluent flowing through the UV detector and 10 % of the eluent being introduced into the mass spectrometer.
The UV detector was an Agilent 1200 DAD series G1315C diode array detector operated in spectral mode between 190 and 400 nm, to allow comparison of the peaks identified by the LC-MS/MS system with those identified by the HPLC-UV system.
Mass spectrometric detection was carried out using an ABI 4000 QTRAP (MDSSciex, Concord, ON, Canada) mass spectrometer with electrospray ionization in positive mode. The settings of the mass spectrometer were as follows: CEM, 2500 V; GS1, 40 L/h; GS2, 30 L/h; CAD, high; CUR, 20 L/h; IS, 5500 V; DP, 40 V; CES, 10 V; CE, 40 V. The mass spectrometer was operated in the enhanced product ion (EPI) mode, with CE operated at 30, 40, and 50 V. The HPLC system and mass spectrometer were controlled by Analyst software (version 1.4.2), and data were collected with the same software.
Based on the structure of the parent compounds, we screened for masses corresponding to expected metabolic transformations, such as hydroxylation and glucuronidation.
b-Glucuronidase treatment of urine
Samples of 0-6-h urine (200 lL) from mice treated with 25 mg/kg kb-NB142-70 or kb-NB165-09 were incubated for 24 h with 10,000 units of b-glucuronidase in a shaking water bath at 37°C. Samples were then collected, extracted, and processed as described above for HPLC-UV analysis.
Results
In vitro cytotoxicity
The IC 50 values of kb-NB142-70 and kb-NB165-09 were 21 ± 6 lM and 24 ± 7 lM against PC-3, respectively; 34 ± 7 and 28 ± 1 lM against PANC-1, respectively; and 5.2 ± 0.1 and 13.4 ± 1.7 lM against CFPAC-1, respectively (supplementary Fig 1) .
Efficacy kb-NB142-70 administered qdx5 iv at 25 mg/kg/day to mice bearing PC-3 xenografts had no effect on the growth of the tumor xenografts and did not result in any toxicity or
changes in the body weights of the mice. Similarly, kb-NB165-09, administered qdx4 iv at 37.5 and 25 mg/kg/ day to mice bearing CFPAC-1 xenografts, had no effect on tumor growth or body weights of the mice. In contrast, the positive control, gemcitabine, administered 50 mg/kg q3dx3 to mice bearing CFPAC-1 xenografts resulted in a significant decrease in CFPAC-1 mean tumor volume on day 6 (T/C, 335 mm 3 /1,520 mm 3 = 22 %) and an increase in tumor doubling time from 2.2 to 10.4 days (Fig. 1) .
Pharmacodynamic response
When PC-3 or Panc-1 tumors from the pharmacokinetic studies were analyzed for expression of protein kinase D1, D2, and D3 using Western blot analysis, there were no consistent changes in expression of these proteins and their phosphorylated forms were not detected (data not shown). These data are in agreement with the lack of inhibition of tumor growth in the PC-3 efficacy study. Further, there were no consistent changes in PKD expression in liver or kidney samples of the mice treated with either compound. This could be due to the heterogeneity of tissue samples collected and/or the low immunoreactivity of the phosphospecific antibodies.
Pharmacokinetics HPLC chromatograms of kb-NB142-70 and kb-NB165-09 are shown in Fig. 2 . The retention times of kb-NB142-70 and kb-NB165-09 were 6 and 8.5 min, respectively. Plasma kb-NB142-70 C max of 37 ± 8 nmol/mL was observed at 5 min after intravenous administration of 25 mg/kg to mice bearing PC-3 xenografts. Plasma disappearance of kb-NB142-70 was rapid and accompanied by the appearance of a metabolite (Fig. 3a) . Neither kb-NB142-70 nor its metabolite was detectable in plasma beyond 30 min. The plasma half-life of kb-NB142-70 was 6 min, clearance was 243 mL/min/kg, and the volume of distribution for (Table 1) . Tissue concentrations of kb-NB142-70 were detectable for a longer period than plasma concentrations with fat concentrations detectable out to the last time point sampled (24 h after dosing). kb-NB142-70 appeared to cross the blood-brain barrier, although brain concentrations were lower than plasma concentrations. PC-3 xenograft C max was 12 nmol/g of kb-NB142-70 and was observed at 10 min ( Fig. 3a; Table 1 ). Because tumor concentrations were detectable longer than plasma concentrations, the AUC for tumor was 731 nmol min g -1 compared to the AUC for plasma, 409 nmol min mL -1 . The largest AUC was in fat at 1,681 nmol min g -1 . Plasma kb-NB165-09 C max of 62 nmol/mL was observed at 5 min after iv dosing ( Fig. 3c; Table 2 ). The plasma half-life of kb-NB165-09 was 14 min, clearance was 121 mL/min/kg, and the volume of distribution was approximately 1,943 mL/kg. The highest tissue C max of 95 and 43 nmol/g was observed in kidney and liver, respectively, and occurred at the earliest time point sampled, 5 min (Table 2) . A C max of 8 nmol/g of kb-NB165-09 in PANC-1 xenografts was observed at 15 min (Table 2) . After po dosing of kb-NB165-09, the compound was poorly bioavailable at 1.7 %. Tissue C max of kb-NB165-09 after iv administration was higher than tissue C max of kb-NB142-70, likely reflective of the higher lipophilicity.
Urinary and fecal excretion kb-NB142-70 0-6-h urinary excretion accounted for only 2.5 % of dose, and only 0.1 % was excreted in 6-24-h urine. Fecal excretion accounted for only 0.67 % of the dose. Assuming equivalent UV absorption, its metabolite accounted for approximately 7.6 and 1.2 % of the dose excreted in the 0-6-and 6-24-h urine samples, respectively. Only 0.6 % of kb-NB165-09 could be accounted for in the 0-6-h urine, and an additional 0.9 % of the dose was excreted between 6 and 24 h. Metabolites were detected, but not quantified. Fecal excretion represented less than 0.17 % of the administered dose of kb-NB165-09.
Partial mass balance of kb-NB142-70
The total amount of the administered dose that was detectable in plasma and collected tissues at the earliest time point sampled, 5 min, was 13.6 % of the dose, 12.5 % as the parent compound kb-NB142-70 (the breakdown of percentage dose of kb-NB142-70 per tissue is shown in Fig. 3b) . Several of the metabolites that are detected by LC-MS/MS in the plasma at 15 min (Table 3) are not detectable by HPLC-UV and therefore are not accounted for in this partial mass balance. Muscle represents 38.4 % of body weight for a mouse and as is observed in Fig. 3b contains the highest percentage dose between 60 and 360 min. Tissues and organs not measured consisted of skin, bone, and GI tract as well as the remaining carcass, and these organs can account for as much as 40 % of the body weight of the mouse.
Plasma protein binding kb-NB142-70 was 78 % plasma protein bound at both 0.3 and 3 lg/mL. kb-NB165-09 was 88 and 94 % bound to plasma protein at 0.3 and 3 lg/mL, respectively.
LC-MS/MS analysis of metabolites
The short plasma half-lives of kb-NB142-70 and kb-NB165-09 prompted us to examine plasma and urine for potential metabolites that were not detectable with our HPLC-UV assay. The m/z of 252 and 428 was detected in the LC-MS ESI positive spectrum chromatogram of plasma obtained 15 min after dosing ( Table 3) . The m/z 252 presents the parent compound, kb-NB142-70. The m/z 428 was consistent with a glucuronide conjugate ( Fig. 4 ; Table 3 ). More metabolites were detected in the 0-6-h urine of kb-NB165-09 in the LC-MS ESI positive spectrum chromatogram (Table 3) . Based on the masses observed, we propose the kb-NB142-70 and kb-NB165-09 metabolic scheme as depicted in Fig. 4 . MS1 is a hydroxy analogue of kb-NB142-70 and was observed as metabolic product of both kb-NB142-70 and kb-NB165-09. The hydroxyl moiety is likely positioned on the aromatic end of the molecule or on the sulfur atom. The analogous hydroxy kb-NB165-09 was observed as a metabolic product of kb-NB165-09 as MS6. MS2 is a glucuronide analogue of kb-NB142-70 and was observed as metabolic products of both kb-NB142-70 and kb-NB165-09.
MS3 is a hydroxy analogue of kb-NB142-70 and was observed as metabolic product of kb-NB142-70, but not kb-NB165-09. The hydroxyl moiety is likely positioned on one of the two aliphatic carbons as suggested by fragment m/z 207, also observed as a product ion of kb-NB142-70, and represents kb-NB142-70 after loss of CO and NH 3 . The analogous hydroxy kb-NB165-09 was observed as a metabolic product of kb-NB165-09 as MS8.
MS4 is a dihydroxy analogue of kb-NB165-09 and observed as a metabolic product of kb-NB165-09. One of the hydroxyl moieties is likely positioned on the aliphatic end of the molecule as suggested by the fragment m/z 280 (elimination of H 2 O). MS4 is very similar to MS11, apart from the retention time. Because of the fact that phenolic oxide is more polar than a sulfoxide, MS4 likely has a phenolic moiety, whereas MS11 has a sulfoxide. The analogous dihydroxy kb-NB142-70 was not observed as a metabolic product of kb-NB142-70.
MS5 has an m/z ratio of 445 and was observed as a metabolic product of kb-NB165-09. kb-NB142-70 did not yield this metabolite, nor an analogue 14 mass units lower. The odd m/z ratio suggests an even number of nitrogen as opposed to the single nitrogen in the parent compound. No structure could be postulated.
MS6 is a hydroxy analogue of kb-NB165-09 and was observed as metabolic product of kb-NB165-09. The hydroxyl moiety is likely positioned on the aromatic end of the molecule or on the sulfur atom. The corresponding kb-NB142-70 analogue MS1, 14 mass units lower, was observed as a metabolic product of kb-NB142-70.
MS7 is a glucuronide analogue of kb-NB142-70 and was observed as a metabolic product only of kb-NB142-70.
MS8 is a hydroxy analogue of kb-NB165-09 and was observed as metabolic product of kb-NB165-09. The hydroxyl moiety is likely positioned on one of the two aliphatic carbons as suggested by fragments m/z 264 (elimination of H 2 O) and m/z 221, also observed as a product ion of kb-NB165-09, and represents kb-NB165-09 after loss of CO and NH 3 . The corresponding kb-NB142-70 analogue MS3, 14 mass units lower, was observed as a metabolic product of kb-NB142-70. MS9 has an m/z ratio of 545 and was observed as a metabolic product of kb-NB165-09. kb-NB142-70 did not yield this metabolite, nor an analogue 14 mass units lower.
The product ion spectrum of MS9 includes a high m/z ratio of 298, which corresponds to several dioxygenated metabolites of kb-NB165-09. However, the product ion Gluc glucuronide spectrum of MS9 does not agree with the spectrum of any of the metabolites with m/z 298. MS10 is kb-NB142-70 and was observed in urine and plasma after administration of kb-NB142-70, but only a minute signal could be observed in urine as a metabolic product of kb-NB165-09.
MS11 is a dihydroxy analogue of kb-NB165-09 and observed as a metabolic product of kb-NB165-09. One of the hydroxyl moieties is likely positioned on the aliphatic end of the molecule as suggested by the fragment m/z 280 (elimination of H 2 O). The analogous dihydroxy kb-NB142-70 was not observed as a metabolic product of kb-NB142-70.
MS12 is a dioxy analogue of kb-NB165-09 and observed as a metabolic product of kb-NB165-09. The absence of a mass at m/z 280 (elimination of H 2 O) suggests there is no aliphatic hydroxylation. The presence of m/z 108, 121, and 134 suggests an unsubstituted methoxy phenyl ring. Together, this suggests oxidation of the sulfur atom(s). The analogous dihydroxy kb-NB142-70 was not observed as a metabolic product of kb-NB142-70. MS13 eluted as a broad peak and appears to be a metabolic product of both kb-NB142-70 and kb-NB165-09. Masses at 583, 503 (kb-NB142-70 dimer), and 332 all fragmented to the identical set of product ions. The late retention time and high mass may suggest a multimer product of kb-NB142-70.
MS14 is kb-NB165-09 and was observed in urine and plasma after administration of kb-NB165-09.
MS15 has an m/z ratio of 312 and was observed as a metabolic product of kb-NB165-09. kb-NB142-70 did not yield this metabolite, nor an analogue 14 mass units lower. The mass is in line with that of a trioxygenated metabolic product of kb-NB165-09.
Based on the masses observed, we propose the kb-NB142-70 and kb-NB165-09 metabolic scheme as depicted in Fig. 4 . The introduction of the methoxy group appears to divert metabolism from glucuronidation to primarily oxidation.
Treatment of urine containing kb-NB142-70 or kb-NB165-09 with b-glucuronidase One metabolite was readily detected in the HPLC-UV assay of plasma and urine of mice treated with kb-NB142-70 or kb-NB165-09. Based on the parent structures, we speculated that it represented an O-glucuronide conjugate of kb-NB142-70 or kb-NB165-09. Therefore, an aliquot of 0-6-h urine from mice treated with kb-NB142-70 or kb-NB165-09 was incubated at 37°C for 24 h with 10,000 units of b-glucuronidase and compared with an aliquot of the same sample incubated in the absence of b-glucuronidase. Incubation with b-glucuronidase resulted in disappearance of the metabolite and an increase of *410 % in kb-NB142-70, suggesting that the metabolite was indeed the O-glucuronide conjugate of kb-NB142-70 (Supplemental Fig 2) . When urine from mice dosed with kb-NB165-09 was incubated with b-glucuronidase, there was neither a decrease in the metabolite peak nor an increase in the parental peak, indicating that the metabolite was not a glucuronide conjugate.
Discussion
The PKD family is emerging as a novel target for smallmolecule inhibitors with potential as therapeutics for multiple cancers including pancreas, skin, and prostate [41] . The PKD family of serine-threonine kinases consists of three members, PKD1 (mouse PKD or human PKCl), PKD2, and PKD3 (human PKCm), which mediate important signaling pathways regulating protein trafficking, epigenetic gene expression, oxidative stress signaling, cell proliferation, and tumor cell invasion. Aberrant PKD activity and expression have been demonstrated in tumor cell lines and tissues from the pancreas [42] , skin [1, 43] , and prostate [28] , with the role in pancreatic cancer especially compelling. In PANC-1 cells treated with neurotensin, a G-proteincoupled receptor agonist, PKD, has been shown to stimulate Hsp27 Ser-82 phosphorylation separate from the p38/ MAPK pathway, and overexpression of PKD1 enhanced DNA synthesis induced by neurotensin. It is known that Hsp27 is markedly increased in many cancer cells and its phosphorylation contributes to the malignant properties, including increased tumorigenicity and treatment resistance [23, 44, 45] . CRT0066101, a compound that targets the PKD pathway, was shown to be effective in vitro and slowed the growth of a PANC-1 pancreatic cancer xenograft when dosed po at 80 mg/kg qd 9 21 [31] .
In prostate cancer cell lines, PKD1 has been shown to protect LNCaP prostate cancer cells from phorbol esterinduced apoptosis by promoting ERK1/2 and NF-jB activities [45] , while PKD3 plays an important role in the growth and survival of prostate cancer cells [28] . PKD 1 appears to interact in a transcriptional complex with the androgen receptor to support androgen-mediated cell proliferation in both androgen-dependent and androgen-independent prostate cancer cell lines [27] . Although some controversies exist with regard to the role of PKD1 in certain tumor cells, the PKD inhibitors that have been reported so far exhibit potent anti-tumor activities in diverse tumor cell lines. In prostate cancer cells, Sharlow et al. [33] demonstrated that a small-molecule inhibitor of PKD, CID755673, inhibited prostate cancer cell proliferation, migration, and invasion and appeared to be a highly selective non-ATP-competitive inhibitor of PKD1. More recently, LaValle et al. [34] demonstrated the analogues, kb-NB142-70 and kb-NB165-09, were more potent than CID755673 in inhibiting PKD1, PKD2, and PKD3 using radiometric kinase assays. The EC 50 values of kb-NB142-70 and kb-NB165-09 against PC-3 human androgen-independent prostate cancer cells were 8 and 49 lM, respectively.
Data supporting the development of small-molecule inhibitors targeting PKD in pancreatic cancer are compelling. The two compounds evaluated here, kb-NB142-70 and kb-NB165-09, are analogues of CID755673 and were more potent than CID755673 in inhibiting PKD1 [34] . Although these compounds were effective against PKD1 in vitro and had IC 50 values in the low to mid lM range against PC-3, PANC-1, and CFPAC-1 cell lines, they were not active at the maximum soluble dose when administered to mice bearing subcutaneous xenografts, and no consistent effects on PKD protein expression were observed by Western blot analysis in the tissue samples of tumor, liver, and kidney collected as part of the pharmacokinetic studies. Based on the pharmacokinetic and metabolism data presented in this study, the high plasma protein binding and rapid metabolism of kb-NB142-70 and kb-NB165-09 limits their potential as anticancer therapeutics. Unlike CRT0066101, kb-NB165-09 was not bioavailable when given orally to mice as a single dose. Future studies will be directed at structural modifications to develop PKD inhibitors with better pharmacokinetic and metabolic characteristics. Newer analogues based on the benzothienothiazepinone structures have been synthesized, and analogues such as kmg-NB4-23 with a pyrimidine ring appear to have good in vitro activity [35, 36] and should be more metabolically stable. Unfortunately, this analogue has poor aqueous solubility. Thus, alternative formulation and/ or further structural modification will be required to enable the further evaluation of this analogue in vivo. 
